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Abstract

Studies were conducted to examine the effect of two vesicant chemical warfare agents (VCWA), one
of them an arsenical, on cytokine gene expression in normal human epidermal keratinocyte
(NHEK) cells. We tested 2,2'-dichlorethylsulfide (sulfur mustard, military designation HD) and
2,chlorovinyldichloroarsine (Lewisite, military designation L), which have significant differences in
their chemical, physical, and toxicological properties. Human tumor necrosis factor-alpha (hTN F-
ce) cytokine was detected by using the enzyme-linked immunosorbent assay, a protein multiplex
immunoassay, Luiminex @ 0W , and reverse transcription-polymerase chain reaction (RT-PCR). The
messenger RNA expression of hTNF-u was determined to provide a semi-quantitative analysis.
HD-stimulated NHEK induced secretion of hTNF-g in a dose-dependent manner. Dose response
effect of Lewisite decreased hTNF-c levels. Time-response data indicated that the maximum
response for HD occurred at 24 h with an associated cytotoxic concentration of 10 4 mol/L.
NHEK cells stimulated with 10-4 mol/L HD for 24 h at 37 2 C increased detectable levels of hTNF-ct
from 5 to 28 ng/ml at an index of cell viability between 85 to 9 3 % as detected by Lunfiex'0 0 *. Our
results indicated that the increased levels of hTNF-ca by HD are dependent on the primary cultures,
cell densities, and chemical properties of the stimulation. Lewisite under the same conditions as HD
caused a reduction of hTNF-ct from control levels of 1.5 ng/ml to 0.3 ng/ml after stimulation (10-4

mol/L), with an index of cell viability of -- 34%. We analyzed the transcriptional of hTNF-ca gene
and found that HD (10-6 to 10-4 mol/L) activates the hTNF-ot gene in cultured NHEK and that L
at 10 6 to 10-4 mol/L markedly reduces the hTN F-c/. gene. We conclude that the pro-inflammatory
mediator, hTNF-ct, could be a potential biomarker for differentiating between exposure of HD or
L.

Disclaimer: The opinions or assertions contained herein are the private views of the authors and are not to be construed
as official or as reflecting the views of the U.S. Army or the Department of Defense, USA.
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Introduction We have selected cultures of normal human
epidermal keratinocytes (NHEK) as our il

Our objective in this ongoing study is to vitro model. These cells retain many of the
compile cytotoxicologic information about characteristics of the tissue from which they
specific chemical warfare agents (CWA) using are isolated (Watt, 1989) and provide an
in vitro human cellular systems that are cost appropriate experimental model for a variety
effective and are useful for quality control. In of biological, biochemical, and pharmacologi-
addition, the identification of a biomarker may cal investigations (Wilke and Bandemir, 1989).
provide valuable information about the signal- Cytokines play a central role in the regula-
ing pathways suspected of being indicators of tion of the inflammatory skin response asso-
CWA exposure. Sulfur mustard, 2,2'-dichloro- ciated with HD-induced skin pathogenesis
diethyl sulfide (see Figure 1), was first used by (Arroyo et al., 1999, 2000, 2001, 2003;
the Germans in the First World War. It was Sabourin et al., 2000). Skin injuries caused by
called Hun Stoffe by the Allies and given the HD are complex and involve resident epider-
designation HS later shortened to H. Distilled, mal cells., dermal fibroblasts, and endothelial
or nearly pure, sulfur mustard is designated cells as well as invading leukocytes interacting
HD (Medema, 1986). Exposure to aerosol with each other under the control of a network
droplets of HD or HD vapor produces no of cytokines and lipid mediators (Sidell et al.,
immediate effect. Itching, burning and inflam- 1997). In response to vesicant stimuli, such as
mation in areas where it contacts skin gener- HD, keratinocytes produce and secrete a num-
ally begin about 4 h after exposure, followed by ber of inflammatory and chemotactic cyto-
swelling of the tissue. After 20 to 24 h, small kines, such as interleukin-I (IL-I), IL-6, tumor
blisters form around the periphery of the necrosis factor-alpha (TNF-a) and IL-8
affected area and eventually fully developed, (Arroyo et al., 1997, 1999, 2000, 2001, 2003).
large blisters fill with a colorless to yellow Increased expression of these mediators has
liquid. The wound may take several months to been implicated in various pathological pro-
heal (Marrs et al., 1996). In contrast, exposure cesses such as contact hypersensitivity and
of the skin to Lewisite, 2-chlorovinyldichloro- neoplasia (Gottlieb et al., 1988, Vasunia et al.,
arsine (see Figure 1), produces immediate pain 1994, Suzukawa et al., 2002).
and symptoms similar to second or third Healing of wounds after trauma is a corn-
degree burns. Erythema generally appears plex process relying on the coordinated action
within 30 min of exposure, followed by blister- of distinct tissues, cells, and mediators (Clark,
ing within 4 to 24 h. Relative to HD, healing 1997; Martin, 1997). The mechanisms whereby
occurs more rapidly, and the risk of secondary these processes are regulated are outlined but
infection is less following Lewisite exposure not fully understood. Although the complete
(Marrs et al., 1996) role of inflammatory cells such as macro-

phages and their secreted cytokines is not
c,1 idelineated, evidence suggests that these cells

Sulfur Mustard, 2. 2'-dichlorodiclhyI ffid, and Uc,,,so, are important for wound healing and that they
c, c, function primarily through the production of

soluble factors including TNF-u (Leibovich,
"-'c, 1987). While this cytokine synthesis appears

2-chlorovinyldichloramric necessary for wounds to heal, excessive

amounts of inflammatory cytokines are exhib-
F,.evrc I- Chemical structure of 2.2'-dichlorodiethyl sulfide ited in non-healing wounds such as ulcers and/
(HD) and 2-chlorovinyldichloroarsine (L).
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or inflammatory diseases (Cooney et al., 1997; Cell culture and chemical treatments
Garner et al., 1993; Trengove et al., 2000).
Taken together, these data suggest that while Cryopreserved NHEK cells (Clonetics", Bio-
normal wound healing requires some involve- Whittaker, Inc., Walkersville, MD, USA)
ment of inflammatory cytokines, abnormal obtained from the skin of adults were cultured
wound healing may result from increased as described previously (Arroyo et al., 1999).
amounts of these mediators. To investigate the These NHEK cells were grown in keratinocyte
role of human TNF-ca on NHEK stimulated basal medium (Boyce et al., 1985) at 15 x 10-5

with HD or L, we analyzed the secretion of mol/L calcium, supplemented with 5 mg/lnl
hTNF-a by three different biotechniques, the insulin, 0.1 ng/L recombinant epidermal
enzyme-linked immunosorbent assay, a pro- growth factor, 0.4% bovine pituitary extract,
tein multiplex immunoassay, Lumine.v'°° , 0.5 mg/ml hydrocortisone, 50 mg/ml gentami-
and reverse transcription-polymerase chain cin and 50 ng/ml amphotericin-B. The second
reaction (RT-PCR). We report that HD in passage keratinocytes were subcultured in 150
cultured NHEK activates hTNF-o, gene and cm 2 flasks at a seeding density of -- 2.5 x 103

that L at 10 6 to 10-4 mol/L markedly reduces cells per cm 2 in KGMN for seven days.
hTNF-ot expression. This suggests that the up When NHEK reached a desired density of
and down regulation of hTNF-o in human skin >, 80% in 150 cm 2 flasks, the cells were sub-
is a unique indicator to identify and differenti- mitted to VCWA as previously reported
ate between exposures to these VCWA. (Arroyo et al., 2003). The cells were standar-

dized by trypsinising and replated at a parti-
cular cell density the day before treatment with

Materials and methods an agent. Secretion levels of hTNF-cx on cell
supernatants were determined by enzyme-

Reagents linked immunosorbent assay (ELISA) as pre-
viously described (Arroyo et al., 1995, 1997,

Sulfur mustard and Lewisite (5 VI in 10 ml 1999, 2000, 2001, 2003).
keratinocyte growth medium (KGMS),
0.4 x 10-4 mol/L) were acquired from the US Sulfitr mustard (HD) and Lewiisie (L) exposure
Army Soldier Biological Chemical Command
(Aberdeen Proving Ground, MD, USA). The Lewisite is actually a complex mixture of
purity of HD and L was verified by nuclear several compounds, all of which occur as cis-
magnetic resonance (NMR) to be greater than and trans isomers of the chemical agent grade
98'%, (data not shown). Appropriate stock solu- Lewisite; the 2-chlorovinylarsonous-dichloride
tions of each agent (5 pll in 10 ml KGM@, isomer (Figure 1) generally predominates
0.4 x 10-4 mol/L) were prepared and stored (Compton, 1988; Arroyo data not published).
frozen (-80-C) in a two-phase, stable config- The hydrolysis of Lewisite proceeds according
uration until used. MTT (3-[4,5-dimethylthia- to the following scheme:
zol-2-yl]-2,5-diphenyl tetrazolium bromide) cl OH

was obtained from Sigma'' Chemical Corp., 02o H +2HCl f"0t
St. Louis, MO, USA. 2-chlorovin'arsonous acid

OH
I " C, As= 0 slow

Lewisite oxide

c . As = 0 polymer slow
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The initial hydrolysis reaction is rapid rela- control, HD-stimulated and L-stinmUlated. The
tive to formation of the 2-chlorovinylarsenous optical density was measured using a micro-
acid/Lewisite oxide equilibrium mixtures. L is plate reader as previously documented (Arroyo
relatively rapidly hydrolyzed compared with et al., 2003). The absorbance of each well was
HD (Waters et al., 1950). In these studies, read at 450±+ 10 nlm, and a standard curve was
different doses of the chemical warfare agents constructed to quantify hTNF-ot concentra-
were employed to determine the range of tions in the cell supernatant samples.
concentrations that inhibits the synthesis of
TNF-o at different stages. Cell riability

For ELISA experiments: NHEK in 150 cm' Human skin cells Were Cultured in 96-well
culture flasks containing fresh KGM'*' media plates and viability was measured spectropho-
were exposed to graded doses of HD or L per tometriably iassayasThe spet-bahed
flask. The culture flasks were maintained in a colorimetric assay used to quantify cellular
safety chemical fume hood for I h at room growth and survival had been described by
temperature to allow venting of volatile VCWA Mosmann (1983) and had been dsodiried as a
and then transferred to a CO, incubator at clmeated yt y aa y yi an d
3TC for an additional 24 h. After the indicated losreht et a1 o ay of han

Loosdrecht et al. (1994). Monolayers of huIman
incubation time, cells were centrifuged , the skin cells were treated with increasing concen-
supernatant media were removed, and final trations of HD or L for 24 h, after which time
dilutions were made as described (Arroyo et the cell viability was determined by the colon-
al., 2003). Control experiments carried out
with KGM4' containing graded doses of HD metric MT[ assay. Briefly, cells grown in a 96-

or L indicate that the inclusion of these VCWA well tissue culture plate are incubated with the

for 24 h at 372C does not influence the ELISA yellow MIT solution, final concentration 0.5
kit or immunoassay experimenits, mg/ml (MTT Kit, Roche Diagnostics GmbH,kitForimunasay experiments .perfoMannheim, Germany) for approximately 4 h.

Forlexperime nt pwerformed inising-96-well Formazan crystals were solubilized by adding
plats, CWAwer diutedin ellculure the solubilization solution of the kit and incu-

media to produce indicated final concentra- teslb zto ouino h i n ICI
bated in the plates overnight in a humidified

tions, and then added to each well. The well
plates were maintained at room temperature in atmosphere (37C, 6_5% CO2) The solubilized
a chemical fume hood for approximately 1 h formazan product was quantified spectropho-
and transferred to a CO, humidifier at 37:C tometrically using a microplate reader (Mole-an-rnfre oa O uiiira cular Devices, Sunnyvale, CA, USA) attached
until a particular desired incubation time was

to an IBM PC/XT for data manipulation at areached. asAfter the specific incubation time, wavelength of 570+ 10 nm and a reference
clonogenic assays were performed. wavelength of 650 rim. Background absor-

En:: vme-linked inumunosorbeni assay (ELISA) bance values were measured in wells contain-
ing similar media without cells. An increase in

ELISA experiments were performed as the number of living cells directly correlated to
described in the manufacturer's literature, the amount of purple formazan crystals
Human TNF-ot immunoassays supplied by formed, as monitored by the absorbance. Each
BioSource International, Inc. (Cytoscreen' experiment was performed with eight indepen-
Immunoassay Kit, Camarillo, CA, USA) were dent replicates and repeated four times.
used for the determination of soluble hTNF-c
in cell supernatants. Levels of hTNF-ca were
determined from cell supernatants of NHEK
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Lumitext? Jf analysis system and multiplex extracted according to the manufacturer's
amtibodv reagent kits instructions described in TRIzol " Reagent

protocol.
The general multiplex assay protocol is a An RNA agarose gel was prepared using 1%
sandwich immunoassay system employing agarose (0.5 g) in a I x Na2PO 4 buffer. Two V1
beads. This novel method allowed the simulta- of lOx or 6 x gel-loading dye was used
neous measurement of 10 different biomarkers followed by adding 2 pl or 5 pl of RNA
(i.e., human cytokines/ chemokine/ growth samples. The gel was run at 100 V until the
factors) and was designed to work in conjunc- dye had migrated - 3/4 of the way down the
tion with the Luminex LabMAP 0 system. This gel, - 35-40 min. The bands on the gel were
technology involved the use of a Lumine.x'O°°R visualized by using the GeneGenius Image
analyzer and fluorescent encoded micro- Analysis System and analyzed by the GeneS-
spheres. Briefly, beads, buffers, and samples nap Program (both from Syngene, Inc., Freder-
(including standards of known biomarker con- ick, MD, USA).
tent, control specimens and unknown) were The conversion of total RNA to cDNA was
pipetted into the wells of a filter-bottom micro- completed using the Ambion': protocol
plate (MultiScreen*-BV (1.2 ,m hydrophilic, (Armored RNA"•, Ambion Inc., Austin, TX,
low protein binding Durapore"' membrane) USA) for reverse transcription of RNA. RNA
Millipore Corporation, Bedford, MA, USA). concentrations and PCR cycles were titrated to
During the first incubation, the specific bio- establish standard curves, to document linear-
marker binds to the immobilized (capture) ity, and to permit semi-quantitative analysis of
antibody on one site. After washing, a biotiny- signal strength as described by Wilmer et al.

lated antibody specific for a different site on (1994) and Kayama et al. (1995). When the
the same biomarker was added. During the RT-PCR reaction was completed, the PCR
second incubation, this antibody binds to the products were visualized by UV illumination
immobilized biomarker captured during the following electrophoresis through 1% or 1.5%
first incubation. After removal of the excess agarose (UltraPure, Sigma'"' Chemical Corp.,
second antibody, streptavidin-R-phycoerythrin St. Louis, MO, USA) at 100 V for - 35 min
(SAV-RPE), a fluorescent protein was added. and staining in Tris-borate-EDTA buffer (89
The SAV-RPE binds to the biotinylated anti- mmol/L boric acid, 2.5 mmol/L EDTA, pH
body to complete the four-member sandwich. 8.2) containing 0.5 pg/ml ethidium bromide.
After a third incubation and washing to Gels were scanned using the GeneGenius
remove all the unbound dye, the fluorescent Image analysis system and analyzed using the
materials bound to beads were quantified. The GeneSnap Program.
intensity of the fluorescence should be directly
proportional to the concentration of biomar- Competitive PCR
ker present in the original specimen.

Quantitative analysis of hTNF-o, mRNA tran-
RT-PCR e.xperiments scripts was performed by competitive PCR

using serial dilution of cDNA fragments con-
Approximately 5-10 x 106 cultured NHEK taining complementary sequences for the
cells were collected, placed in 2.0 m] centri- hTNF-es primer (Armored RNA" Competi-
fuged tube and homogenized in a small volume con, Ambion"' Inc., Austin, TX, USA). The
of TRIzol" Reagent (Invitrogen Corp., Carls- concentration where the ratio is approximately
bad, CA, USA). The total cellular RNA was one represents the amount of target mRNA
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transcripts in the initial sample and was 0Control
derived by linear regression analysis (Germo- .. I

lec et al., 1997). I,,

Data analysis .

Data shown are representative of at least three
separate experiments. Statistical significance °

was determined by the RS/ I Multicomparison
(Bolt, Beranek and Newman, Cambridge, MA,
USA) procedure using the Wilkes-Shapiro test 10 100
for normality and Dunnett's test for multiple MAc, ncentni.io.(01)

comparisons with a common control group.
When variance was nonhomogeneous, multi- Figsuw 2. Cytotoxicity effects of HiD and L on NHEK cells.

NHEK in exponential phase growth (2 x 10' cells'well) were
pie comparisons utilizing the Bonferroni cultured with different Concentrations of HD or I., Aflcr

adjustment of the Student t were performed removal IID or L. surviving cell numbers were determined

(Ryan, 1989). Statistically significant differ- indirectly by MT[" dye reduction as described in the Materials
and Methods section. The reported values arc percentage of cell
viability for eight independent experiments, Values aic

means + SD for eight independent trials (n =85.

Results
concentrations associated with cytotoxocity

The cytotoxicity effects caused by HD or L (10-5 to 10-4 mol/L) (Figures 3 and 4). Figure
(10-6 to 10- tool/L) were measured on normal 3 illustrates viability on NHEK grown in the
human epidermal keratinocytes using MTT presence of HID or L (10-" mol/L) for 24 h at
clonogenic assay over a period of 24 h at 37-C as determined by flow cytometric techni-
370C. The results are illustrated in Figure 2. ques (Figure 3A) and by MTT clonogenic
Low levels of L (10-6 to 10-5 mol/L) produced assay (Figure 3B). Typical representation of
a modest but significant decrease in keratino- hTNF-ct secretion detected by ELISA is also
cyte viability while higher levels of L (10-4 provided in Figure 3C.
mol, L), associated with cytotoxicity, signifi- As shown in Figure 4B, stimulation with
cantly decreased survival growth 34% (Figure HD (10-4 mol/L), resulted in an initial eleva-
2). Cell viability experiments (flow cytrometric tion of hTNF-t, which reached a maximum by
analysis and MTT-assay) of controls (non- 24 h, while levels of L induction of hINF-o are
stimulated) and HD-stimulated cells showed constantly decreased as a function of time.
that the cell viability for controls was greater After assessing the levels of hTNF-a in
than 95(V of surviving cells and approximately supernatants from HD-stimulated or L-stimru-
85% or lower with 10-4 mol/L HD under lated as a function of concentrations and time,
similar culture conditions (Figure 2). we selected 10-4 mol/L and 24 h as the con-

We investigated the induction of hTNF-ot by centration and time associated with cytotoxi-
HD or L on NHEK. Dose and time responses city effects. This concentration and post expo-
were generated. Cells treated with HD display sure time are needed to produce the observed
markedly increased hTNF-ot in a dose and time effects in the skin of VCWA casualties (Vogt et
dependent manner as shown in Figure 3. al., 1984; Papirmeister et al., 1991: Marrs et
Stimulation with L blocked hTNF-ci at higher al., 1996; Sidell et al., 1997). The secretion
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A. Cell Viability Measured by Flow Cytrometric Analysis
120.0

100.0 *

7 80.0

S60.0

40.0

20.0

0.0
NHEK Control 100 uM Sulfur Mustard 100 uM Les•itie (L)

(liD)

Cell Viability measured by MTT based Colorimetric Assay
B.

0.2

S0.15

0.1

*~0.050 ma0

NHEK Control HD (100 uM) L (100 uM)

C. Secretion of TNF-alpha from NltEK exposed to lID and L (100 uM) for 24-hr

15

I Std. Dev.
a. *Avg- pg/mL

Ir-

0
NHEK HDNHEK LNHEK

Fiur-e 3. Viability and cytokine secretion from normal human epidermal keratinocytes (NI IEK) grown in the presence of HD and L.
10-4 mol/L, for 24 h at 37 C. (A) Cell viability as determined by flow cytometric techniques. (B) Cell viability as determined by MTT
clonogenic assay. The increase in absorbance directly correlates to the number of living cells. (C) Human TNF-y concentrations were
determined by ELISA (CytoscreenUS"' ultrasensitive. BioSource International. Camarillo, CA, USA). Results are expressed as the
mean for quadruplicate determinations from one of five representative experiments. Each bar represents the mean of quartet Cultures.
Statistically significant differences were reported when *p <0.05.



352

A.
Dose-response curves of TNF-alpha secretion induced by liD

and L on NHEK

l1 Control

EH 525-31

"429.695

249.576

149.496

35.6213 15.498 10.91 984

1 10 50 100

CWA concentration (uM)

B.
Time-response of the secretion of hTNF-alpha induced by RD and L

(104 M) on NHEK

600

S500 [0 Control I46
*HD

tA 400 EL

300
223.34

m 200 163.31

125.35

100
0.19.48 19.15 9.28

4 6 12 24

Time (Hr)

Fiwe 4. (A) Dose-response elfects on the secretion of hTNF-a, by NHEK after stimulation with HD or L (10" to 1 4 mol/L) for 24 h1
at 37 C. ELISA ,,as assay using Cytoscreen US' ultrasensitive commercial kit as described in Materials and Methods section. Results

(mean±SD) are expressed as pg/mL Representative assay ofsesen independent experiments (n = 7). (B) Time-response of the secretion

ofhTNF-o induced by HD and L (10-4 mol/L) on N1IEK. Triplicate cultures vsere used for determination ol'actual hTNF-o secretion.

Each bar represents the mean of hTNF-a (pg/ml)+ SD, *Significantly different from control cultures at p <0.05.
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Tahc I Human FNF-• detected by ELISA on stimulated NHEK cell supernatants with HD and L (10 'molPL) for 24 hat 37 C

NH-LK cell NHEK H D-stimulated L-stirnulated
density control 00 ([mol/ . 100 pmtol' L
(cellsimll (pgiml) (pg/rnl) S/C (pg ml) SIC

6.00 x 105 4.31 ± 179 243.00_+ 13.50 56.38 Ž0.0 _+0.001 X
8.00 X 105 10,60+ 1.53 249.58+ 5.61 23.54 10.91 +2.45 1.03
9.90 x l0 9.73+0.57 ;02.30±+23.26 31.07 Ž0.0 +0.001, 1
1.30 x 10" 29.23 + 12. 44 429.69 + 62.01 14.70 15.49+6.83 0.53
7.00 x I0 120.30+0.06 1060.46-+0.14 8.80 148.45 +0.14 1.2

"Ratio of stimulated to control NHIEK.

'Valucs were not determined because were < than control equivalent to zero.

Tahhc 2. Human TN F- -. detected by Lumime.xv0 5  on stimulated NIH-EK cell supernatants w ith HD and L 10- rnol "L for 24 h at 37 C

NHEK cell NHEK
density control IID-stimulated L-stimulated
(cclls'ml) ( ng/ml) (ng/mil) S/C" (ng/mil) S!C

7,8x 10" 0.75 4.60 6.13 0.13 017
8.1 x 101 0.41 27.36 66.73 0.85 2.07
7.7 x 10" 1.41 17.26 12.24 0.96 0.68

"Ratio of stimulated to control NHEK.

levels of hTNF-of in supernatants from NHEK with comparable limits of detection and with
stimulated with HD or L (10-4 mol/L) over a an increased dynamic range (Carson and Vig-
period of 24 h at 37C are reported in Table 1 nali, 1999). As shown in Figures 5B and 6B, 24
for ELISA assay and Table 2 for Lwnine.v° ' h following stimulation with HD (10-4 mol/L)
The secretion levels of hTNF-rc in HD-stimu- an increase in hTNF-a levels was evident.
lated NHEK supernatants resulted in >,8-fold Detectable levels of hTNF-c( in NHEK cell
increase from NHEK control (non-stimulated supernatants stimulated with 10-4 M HD for
NHEK). The secretion of hTNF-ri by cells 24 h at 37'C were augmented from 5 to 28 ng/
stimulated with HD was considerately greater ml at an index of cell viability between 85 to
than the detected hTNF-a in supernatants 93%. At 10-4 mol/L, a cytotoxic concentration,
from NHEK stimulated with L. In addition, L inhibited the secretion of hTNF-ri within 24
the results indicate that the increased levels of h following stimulation of keratinocyte cul-
hTNF-ri induced by HD stimulation depend tures (Figures 5C and 6C). Lewisite under that
on cell densities (see Tables 1 and 2). same conditions as those for HD caused an

We conducted similar studies to confirm the inhibition of hTNF-r secretion from control
observations reported in Table I and Figure 4B levels of 1.5 ng/ml to stimulated levels of 0.3
obtained by ELISA using a more accurate and ng/ml at an index of cell viability of - 34%.
sensitive immunoassay, Luminex'°(0 w. This Other proinflammatory mediators, such as
multiplex assay performs equivalent to or human interleukin-6 (hIL-6), hlL-I13 or hIL-
better than currently available ELISA assays 10, chemokine, hIL-8, were also secreted and
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hTNF-alpha

iWlL-8

hIL-6

f77 A.

E- Donor Information:
Age: 24

;I- NHEK Control Se:;;1 , h lL -2 "• =- Sex: M

h Iheta Race: Black

hL-1 Cell Type: Abdomen
F-,-•amm- Cell Density: 8.1 x 106 cells/mL
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hGM-CSF [
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hU8
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detected in response to HD and L. The scope main pathophysiological changes seen are skin
of this article is focused only on the character- barrier disruption, epidermal cellular changes
ization of the biomarker, hTNF-o,. and cytokine release (Kan et al., 2003; Arroyo

To provide semi-quantitative values for et al., 2001). Keratinocytes undergo structural
changes in mRNA expression of this specific changes in response to irritants and this may
cytokine, hTNF-a mRNA levels were deter- vary according to the type of irritant used such
mined in a competitive PCR assay (Figures 7 as HD or L. In addition, irritants disrupt the
and 8). Consistent with our initial observa- functional activity of keratinocytes.
tions, there was a limited amount of endogen- hTNF-• up-regulation has been found in
ous expression of hTNF-ot in control NHEK response to HD (Arroyo et al., 1995, 1999,
cell cultures. lanes 2 and 5 (Figure 7). Levels of 2001). Studies of cytokine release show that
hTNF-ot mRNA were elevated after treatment irritants are heterogeneous both in cytokines
with HD ( 10T" and 10-5 mol/L), lanes 4 and 7 released by the skin during the response, and in
(Figure 7). There was no constitutive expres- the quantities of cytokines released. These
sion in L-treated NHEK (10-6 to 10-5 mol/L), statements were verified by the LuminexvI0W°

lanes 3 and 6 (Figure 7). Regression analysis and ELISA data (Figures 4 and 5, Tables 1 and
using the hTNF-ot positive control showed 2). The determined release of hTNF-ca for HD
higher intensity ( > 100) lane 7 (Figure 7), was > 8-fold greater than the one observed for
corresponding to a cytokine mRNA concen- L. HD is a particularly potent hTNF-. indu-
tration of approximately 3.0 x 10- 3 attomoles. cer, whereas L elicits a relatively weak hTNF-ot
Although transcription of hTNF-ot was down- response. hTNF-c, appears to be one of the key
regulated by Lewisite stimulation (Figures 7) cytokines in irritant dermatitis for HD.
at 10--6 to 10-4 mol/L for 24 h, stimulation with Liquid arsenical vesicant, L, produces more
sulfur mustard increased the expression of severe lesions on the skin than liquid mustard.
hTNF-a mRNA compared to control cultures Contamination of the skin followed shortly by
(Figures 7). erythema, then by vesication, which tends to

cover the entire area of erythema. The sur-
rounding halo of erythema is less noticeable

Discussion than with mustard blisters, although the two
are often indistinguishable. Microscopically,

Irritant contact dermatitis is the clinical result the blister roof is slightly thicker than the
of sufficient inflammation arising from release mustard blister roof, consisting of almost the
of pro-inflammatory cytokines from skin cells complete thickness of the epidermis and show-
(principally keratinocytes) in response to che- ing more complete coagulation necrosis and
mical stimuli such as vesicant agents. The three less disintegrative necrosis than that of the

Figure 5 (opposite). Comparison of the profile often signaling molecules simultaneously detected by human multiplex beads in control-
liD- stimulated and L-stimulated NHEK cell supernatants. NHEK were cultured to ->_75-80'/ confluence as described under
Materials and Methods. The supernatants were collected, and biomarker secretions were quantified by multiplex human ten-plex
antibody bead kit using the Luminex "• system. Histogram bars of hTNF-a. hlL-8. hlL-6. hlL-5. hlL-4, hIL-2, hlL-I3. hIL-10.
human interferon-gamma (hiFN-y) and granulocyte macrophage-colony stimulating factor (hGM-CSF) are show\n. This
representation illustrated the profiling of various signaling cytokines. chemokine and growth factors simultaneously detected in
control (non-stimulated) and in HD-stimulated cell supernatants of NHEK. Donor information and tissue culture conditions are
indicated in the inserted description. (A) Control (non-stimulated). (B) -ID-stimulated (10-4 tool L) for 24 h at 37 C. and (C) L-
stimulated (10 ' mol/L) for 24 h at 37 C. Significantly different from control cultures at *p<0.05 are pointed out.
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Firgure 7. Lewisite inhibitions hTNF--s transcription in a dose-response manner. NHEK stimulated as follows: lane 2. control: lane 3. L
( 10- mol/L) for 24 h: lane 4, HD (10- mol L): lane 5.control: lane 6. L (10- 5 mol/L): lane 7. HD ( 10-5 mol/L) and lane 8, commercial
positive control hTNF-cx. Total RNA was isolated and hTNF-o,. mRNA levels in 0.5 lig of total RNA were determined bs RT-PCR
using gene-specific primers as described in Materials and Methods section. cDNA Aere amplified within the linear range of the gene.

Figure 6 (opposite). Immnunoreactivity of NHEK culture supernalants stimulated with VCWA as determined by the multiplex
immunoassay. (A) Control (non-stimulated). (B) HD-stimulated and (C) L-stimulated. VCWA concentration was 104 mol;L for 24 h
at 37 C. Experimental conditions similar to the ones described in Figure 6 and in the Materials and Methods section. Results arc
expressed as the mean for quadruplicate determinations from one of three representative experiments. *Significantly different from
control cultures at p <0.05 are illustrated.



358

mustard blister. The yellowish blister fluid is stimulated controls versus cells acutely stirmu-
slightly more opaque than that of the mustard lated with CWA. A further purpose of the
blister and microscopically, contains cells that study will be to relate such patterns of cytokine
are more inflammatory. It contains a trace of release to chronic exposure to CWA, and to
arsenic but is non-toxic and non-vesicant. determine whether other cytokines, either inde-
There is deeper injury to the connective tissue pendently or in combination with hTN F-o, can
and muscle, greater vascular damage, and be used as "multiple markers" in VCWA.
more severe inflammatory reaction than is Based on our results, it is suggested that
exhibited in mustard burns. In large, deep, hTNF-of observed release or depletion in
arsenical vesicant burns, there may be consid- NHEK is associated with HD or L, respec-
erable necrosis of tissue, gangrene, and slough. tively. The difference in TNF--. induction is not

Using RT-PCR, we show that hTNF mes- a result of reduction in viable cells but a direct
senger RNA is induced in human skin cells but correlation to the different biological responses
that only hTNF-(Y, mRNA is selectively elicited by each chemical warfare agent in
induced by HD. However, L did not induce viable cells. Therefore, we propose that hTNF-
hTNF-u mRNA. Furthermore, we confirmed cz, could be a good marker of vesicant chemical
the release of hTNF-a by HD from skin cells casualties. Finally, we recommend that a multi-
using an ELISA and Luininex'00°• immunoas- pie marker approach to determine susceptibil-
say techniques. These findings demonstrate the ity to CWA should be used.
capacity of human skin cells to transcribe
hTNF-a by exposure to toxic stimuli and to
transcribe and release hTNF-ca by HD expo- Acknowledgments
sure but not by L exposure. The concentration
used (10-4 mol/L) has been estimated to pro- The authors acknowledge the technical assis-
duce the observed effects in the skin of vesicant tance of Ms. Theresa M. Nipwoda and the
casualties (Arroyo et al., 2003). excellent RT-PCR training and discussion by

Furthermore, data from other investigators Dr. Douglas Cerasoli.
(Sabourin et al., 2000, Kan et al., 2003) sup-
port the involvement of TNF-cx in animal
models such as mouse skin and hairless guinea References
pigs following exposure to HD. In this work,
we used a well-characterized NHEK cell sys- Arroyo CM. Von Tersch RL, Broomlield CA. Activation of

tem and only performed experiments using alpha-human tumor necrosis Factor (TNF-alpha) by human
monocytes (THP-I ) exposed to 2-chlorocthvl-ethvl sulphide

several normal donors. However, variation (H-MG). Hum ExpToxicol. 1995:14:547-53,

from baseline levels could be underestimated, Arroyo CM. Carmichael AJ. Role of cytokine and ntric oxide

even at low levels in individuals that have in the inflammatory response produced by sulfur mustard
(H D). J Chem Soc Perkin Trans. 1997:2.2495 9.

allergic contact dermatitis or psoriasis, it Arroyo CN4. Schafer RJ. Kurt EM. Broomfield CA. Carnei-

might affect baseline or inducibility. chael AJ. Response of normal human keratinocytes to

One approach that will minimize interac- sulfur mustard (H-D): cytokine release using a no-enoi.y-
tions with HD or L exposure and achieves matic detachment procedu re. H urm Exp Toxicol. 1999:18:1

better risk estimates is the use of multiple Arroo CM. Schafer RJ. Kurt EM. Broomfield CA. Carrei-

markers in the same individual, whether using chael AJ. Response of normal human keratinocytes to

genotype, phenotype or both. The primary aim sulfur mustard: cytokine release. J Appl Toxicol. 2000:20:
S63 72.

of the study was to evaluate the individual Arroyo CM, Broomtield CA, Hackley BE. Jr The role of

differences in cytokine release among non- interleukin- (IL--6) in human sulfur (lID) toxicology Itt J
Toxicol. 2001:20:281 96.



359

Arroyo CNM. Kahler DW. Burman D. et al. Regulation of 1-Y. Ryan TP. Statistical methods for quality improvement. WileN
25-dihydroxyvitamin D3 on interleukin 6 and 8 secretion New\ York. 1989.
induced by sulfur mustard (HD) on human skin cells, Sabourin CLK. Petrali JP. Casillas RP. Alteration in inflamma-
Pharmacol Toxicol. 2003:92:20 4 -13. tory cytokine gene expression in sulfur mustard exposed

Boyce ST. Ham RG. Cultivation. frozen storage, and clonal mouse skin. I Biochem Mol Toxicol. 2U000: 14:291 302,
growth of normal human epidermal keratinocytes in serum- Sidell FR. Urbanetti JS. Smith WJ. Hurst CG. Vesicants. In:
free media. J Tiss Cult Meth. 1985:9:83-93. Sidell FR. Takafuji ET. Franz DR. eds. Medical aspects of

Carson RT. Vignali DA. Simultaneous quantization of 15 chemical and biological warfare. Part 1. Warfare. weaponry.
cytokines using a multiplexed flow cytometric assay. J and the casualty. Washington DC. USA: Office of the

Immunol Methods. 1999:227:41- 52. Surgeon General. TMM Publications). 1997.

Clark RAF. The molecular and cellular biology of wound Suzukawa K. Weber TJ. Colburn NH. AP-l. NF-kappa-B, and
repair. Plenum Press: New York, 1997 ERK activation thresholds for promotion of neoplastic

Compton JAF. Military chemical and biological agents: chemi- transformation in the mouse epidermal JB6 model, Environ
cal and toxicological properties. Telford Press: New Jersey. Health Perspect. 2002:110:865-70.

1988. Trengove NJ. Bielefeldt-Ohmann H. Stacey MC. Mitogcnic

Cooney R. locono J, Maish G, Smith JS. Ehrlich P. Tumor activity and cvtokine levels in non-healing and healing
necrosis factor mediates impaired wound healing in chronic chronic leg ulcers. Wound Repair Regen. 2000:8:13-25
abdominal sepsis. J Trauma. 1997:42:415-420. van de Loosdrecht AA. Beelen RH. Ossenkoppele GJ. Broe-

Garner WL. Karmiol S. Rodriguez JL. Smith DJ Jr. Phan SH. khoven MG. Langenhuijsen MM. A tetrazolium-based
Phenotypic differences in cytokine responsiveness of hyper- colorimetric MTT assay to quantitate human monocyte
trophic scar versus normal dermal fibroblasts. J Invest mediated cytotoxicity against leukemic cells from cell lines
Dermatol. 1993:101:875-9. and patients with acute myeloid leukemia. J Immunol

Germolec DR. Spalding J. Boorman GA. et al. Arsenic can Methods. 1994:174:311-20.
mediate skin neoplasia by chronic stimulation of keratino- Vasunia KB. Miller ML, Puga A. Baxter CS. Granulocyte-
cyte-derived growth factors, Mutat Res. 1997:386:209-18. macrophage colony-stimulating factor (GM-CSF) is ex-

Gottlieb AB, Chang CK. Posnett DN. Fanelli B, Tam JP. pressed in mouse skin in response to tumor-promoting
Detection of transforming growth factor alpha in normal, agents and modulates dermal inflammation and epidermal
malignant, and hyperproliferative human keratinocytes. J dark cell numbers. Carcinogenesis. 1994:15:653-60.
Exp Med. 1988:167:670-5. Vogt RF Jr, Dannenberg AM Jr. Schofield B H. Hynes NA.

Kan RK. Pleva CM. Hamilton TA. Anderson DR. Petrali JP. Papirmeister B. Pathogenesis of skin lesions caused by
Sulfur mustard-induced apoptosis in hairless guinea pig sulfur mustard. Fundamn App] Toxicol. 1984:4:S71-3.

skin. Toxicol Pathol. 2003:31:185-90. Waters WA. Williams JH. Hydrolyses and derivatives of some
Kavama F. Yoshida T. Elwell MR. Luster Ml, Role of tumor vesicant arsenicals. J Chem Soc. 1950:18-22.

necrosis factor-alpha in cadmium-induced hepatotoxicity. Watt FM. Terminal differentiation of epidermal keratinocytes.

Toxicol App! Pharmacol. 1995:131:224-34. Curr Opin Cell Biol. 1989:1:1107-15.
Leibovich SJ. Polverini PJ. Shepard HM.Wiseman DM. Shively Wilke B, Bandemir B. Melhodologic aspects in cultivating

V. Nuscir N. Macrophage-induced angiogenesis is mediated human keratinocytes. Dermatol Monatsschr 1989:175:

by tumor necrosis factor-alpha. Nature. 1987:329:630- 2. 635-46.

Marrs [C. Maynard RL, Sidell FR. Chemical warfare agents: Wilmer JL, Burleson FG. Kayama F. Kanno J. Luster MI.
toxicology and treatment. Wiley: Chichester. 1996. Cytokine induction in human epidermal keratinocytes e-

Martin P. Wound healing aiming for perfect skin regeneration, posed to contact irritants and its relation to chemical-
Science, 1997:276:75-81 induced inflammation in mouse skin. J Invest Dermatol.

Medenai J. Mustard gas: the science of H. Nuclear biology 1994:102:915--22.

chemical defense. Technol Int. 1986:1:66 71
Mosmann T Rapid colorimetric assay for cellular growth and

survival: application to proliferation and cytotoxicity as- Address fr corresipondence: Commander. US Army Medical

says. J Immunol Methods. 1983:65:55-63. Research Institute of Chemical Defense. ATTN: MCMR-UV-

Papirineister B. Feister AJ. Robinson SI. Ford RD. Medical DA, Dr C.M. Arroyo. Aberdeen Proving Ground. Maryland.
defense against mustard gas. Toxic mechanisms and phar- 21010-5400, USA,
macological implications, CRC Press: Florida. 1991. E-mail: carmen.arrovoo amedd.army.mil


